Three experiments were conducted to test fertility when sperm numbers per insemination ranged from 10 × 10 6 to 40 × 10 6 total sperm. All semen was from Holstein bulls that were on a regular schedule of semen collection. The semen was extended with heated homogenized whole milk, cooled, glycerolated, and frozen according to standard procedures. Semen was distributed to a large group of inseminators to minimize differential field effects on treatment. All experiments were a randomized block design, including a split plot in Experiment 2. In Experiment 1, data for 31,399 first inseminations distributed among treatments of 20 × 10 6 , 25 × 10 6 , 30 × 10 6 , and 40 × 10 6 total sperm resulted in 69.8, 70.0, 70.1, and 70.1% nonreturns at 59 d, respectively. In Experiment 2, data for 18,197 first inseminations divided over treatments of 12 × 10 6 , 16 × 10 6 , and 20 × 10 6 total sperm resulted in 70.2, 72.4, and 70.8% nonreturns at 59 d, respectively. In Experiment 3, 38,890 first inseminations distributed over treatments of 10 × 10 6 , 13 × 10 6 , 16 × 10 6 , and 20 × 10 6 total sperm resulted in 70.5, 72.2, 73.1, and 71.5% nonreturns at 59 d, respectively. Bull nonreturns ranged from 64 to 76% in the three trials. These results indicate that, under good conditions, total sperm numbers per straw can be reduced to 10 × 10 6 total sperm with a reduction of nonreturn rates at 59 d, for most bulls, of about 1 percentage unit from the maximum when professional inseminators are used. (
INTRODUCTION
The number of sperm that are required for AI to obtain maximal fertility, considering the genetic merit of a bull and other factors, is one of the most important elements in an AI breeding program. During the development of the AI industry, a variety of factors were identified that affect level of fertility, including the inherent fertility of the bull; semen collection and processing procedures; packaging, shipping, aging of sperm before use; inseminator skill, and cow and herd management factors (17, 18) . With the use of frozen semen, changes in sperm during storage were reduced. However, differential resistance of sperm from individual bulls to freezing, the introduction of a variety of extending media, and new procedures for packaging and freezing added new variables (16) . Generally, the nonreturn rates, used as a measure of fertility, were similar when 30 × 10 6 to 40 × 10 6 total sperm were used for AI, but results varied when the sperm numbers used were 20 × 10 6 total sperm or fewer (1, 4, 8, 9, 14, 20, 22) . Hunter ( 1 0 ) reported little difference in nonreturn rate when 10 × 10 6 or 20 × 10 6 total sperm were used for AI by more skillful inseminators, but a 10-percentage unit difference, associated with sperm numbers, was found when semen was used by less skillful inseminators.
In the area served by Genex Cooperative, Inc. (Ithaca, NY), professional inseminators were used to conduct several fertility trials with different numbers of sperm, while consistently using the same processing procedures from the time of semen collection to AI. The objective of the studies reported here was to estimate accurately the relationship between number of the sperm packaged in 0.5-ml straws and fertility (nonreturn rate) under well-controlled conditions.
MATERIALS AND METHODS

Bull Semen
All semen was collected from Holstein bulls in regular AI service at Genex Cooperative, Inc. Following sexual preparation, two ejaculates usually were obtained from each bull on any single morning, processed separately during initial extension, cooled to 5°C, and then combined for final processing and freezing. Occasionally, a third ejaculate was collected after an interval of at least 30 min from the previous semen collection.
Extender and General Semen Processing
Homogenized whole milk ( WM) was heated to 95°C for 10 min, cooled, and filtered; antibiotics were added (5, 13), followed by the addition of glycerol as the cryoprotectant. Two fractions of WM were prepared daily: fraction A was heated WM without glycerol, and fraction B contained 14% glycerol (vol/ vol). Before use, fraction A was placed in a waterbath at 35°C, and tubes of collected semen were placed in the same waterbath.
Semen was subsampled, as collected, to conduct various tests of semen quality. The sperm concentration was estimated by optical density, using a calibrated spectrophotometer. The percentage of motile sperm was estimated at 37°C with the aid of a television monitor connected to a microscope.
The remainder of the semen was extended 1:4 (vol/ vol) with fraction A of the WM extender, placed in a water jacket at 35°C, and cooled for 3 h to 5°C. The cooled, partially extended semen was further extended with cold WM, fraction A, to one-half the final volume. Later, an equal volume of WM containing 14% glycerol was added by the drop method.
Extended semen was packaged in 0.5-ml straws, sealed, and frozen within 4 h after glycerol addition. The cooling rate was approximately -15°C/min from +5 to -100°C; after cooling, straws were transferred to liquid nitrogen. Details about sperm numbers per straw and other experimental details are given for each experiment. All straws were coded to identify the control and experimental semen for researchers. The code was recorded by the inseminating technicians, but the specific treatment that was represented by each code was unknown to them.
The straws from each collection and the treatment of semen were randomly distributed over a large group of technicians for AI relatively soon after processing. Thus, possible sources of variation in the field were distributed as equally as possible across treatments. Rate of semen use depended on semen sales from each bull, but the rate was similar for the control and treated portions of semen from each bull. A subset of straws was retained for quality control and for additional studies on the percentage of motile sperm after freezing and thawing.
Experiment 1
Twenty bulls in regular AI service were assigned in groups of 4 for semen collection. On a particular day, each bull had semen extended to yield 20 × 10 6 , 25 × 10 6 , 30 × 10 6 , or 40 × 10 6 total sperm per straw. With one or more groups of bulls ejaculated on the same day, all semen treatments were represented each day that semen was collected. The procedure was continued until all bulls were represented in all four treatments; a minimum of 600 straws of frozen semen per subclass was available for breeding. The 20 bulls were ejaculated on 136 occasions to provide sufficient sperm; most of the collections beyond 80 (20 bulls × 4 treatments) were required to fulfill the requirements for the treatments using 30 × 10 6 and 40 × 10 6 sperm.
The initial concentration of sperm per milliliter, estimated by spectrophotometry, was checked with a Coulter Counter (Coulter Electronics, Hialeah, FL). An aliquot of semen was appropriately diluted with counting fluid to provide statistically accurate counts with the counter.
The randomized block design was analyzed statistically by the general linear models procedure of SAS (19) ; bulls were regarded as random blocks, and treatments were fixed. The sampling error consisted of multiple semen collections within bulls and treatment. Treatment differences were considered to be statistically significant at P ≤ 0.05.
Experiment 2
This experiment was a split-plot design. Semen from each of 10 bulls was extended so that the straws prepared from each semen collection contained a planned number of total sperm: 12 × 10 6 , 16 × 10 6 , or 20 × 10 6 . Semen from all 10 bulls was collected on four occasions, providing a sampling error estimate for the analysis of variance. Again, bulls were regarded as random, and treatments were regarded as fixed.
A subset of straws was retained to estimate by a flow cytometric procedure ( 1 5 ) the actual number of sperm that were distributed to the straws for each treatment of each semen collection. The sperm were exposed to both rhodamine R123, a dye sequestered by functional mitochondria, and propidium iodide, which stains dead cells. Thus, both total sperm and viable sperm were estimated.
Experiment 3
This experiment was a randomized block design similar to that used in Experiment 1, and the statistical analysis followed the same plan as for Experiment 1. Ten bulls were used to extend semen from different collections to 10 × 10 6 , 13 × 10 6 , 16 × 10 6 , or 20 × 10 6 total sperm per straw. The number of bulls was limited to the highest demand bulls so that the semen would be used rapidly in the field. The ejaculates were not split, because a four-way split was difficult to handle technically in the processing laboratory, and the number of straws available for each treatment subclass within ejaculates would be too few for adequate distribution across a large group of inseminators and herds. On average, 750 straws would be expected to be processed per collection from each bull; more or fewer might be processed depending on the sperm number treatment. At least 7500 services per treatment were desired in order to detect differences in fertility ≥2%. Semen was collected from all bulls at least twice for each sperm number treatment. At least 50% of the experimental semen was expected to be used for cows at the first AI service. Approximately 60,000 straws were produced (10 × 4 × 2 × 750), and at least 30,000 straws were likely to be used for the first AI.
RESULTS
Results for all three experiments are summarized in Table 1 . There was no difference in fertility associated with sperm numbers ( P > 0.05). However, fertility tended to decrease as sperm number decreased below 20; in Experiments 2 and 3, the probability values for treatment were P = 0.06 and P = 0.10, respectively. Bulls were the major source of variation in all experiments. The range in fertility among bulls in Experiments 1, 2, and 3, respectively, was 64 to 76%, 66 to 76%, and 66 to 75%. There was no evidence of an interaction between bull and treatment.
The estimated percentage of progressively motile cells after thawing in warm water at 35°C was used to estimate the number of motile sperm that was available per AI. In Experiment 1, 52 to 54% of the sperm were estimated to be progressively motile, resulting in the motile sperm values being about onehalf that of total sperm numbers (Table 1 ). Facilities and procedures were similar in Experiments 2 and 3. In Experiment 2, the percentage of progressively motile sperm cells across treatments estimated visually was 49 to 51% and, by flow cytometry, ranged from 50 to 56%. The total number of sperm in the straws estimated by flow cytometry for the three treatments was 19.8 × 10 6 , 15.8 × 10 6 , and 11.4 × 10 6 . Thus, the planned sperm number was essentially achieved. There was no correlation between the estimated percentage of motile sperm in each treatment within bull subclass and fertility.
In Experiment 3, the estimated percentage of motile sperm in the frozen and thawed semen ranged from 46 to 48% for the four treatments, which resulted in good correspondence between results of the last two experiments in the estimated number of motile sperm available for AI in treatments that had approximately equivalent total sperm per straw. The fertility obtained with the 10 bulls at the four sperm numbers was not correlated with the percentage of progressively motile sperm after freezing and thawing ( r = 0.04; P > 0.05). Also, the number of motile sperm per straw was not correlated with fertility.
DISCUSSION
The usual goal in AI is to make available as many breeding units as possible from bulls of superior genetic merit without affecting fertility appreciably. The provision of enough sperm per breeding unit, but not more than are needed, is a key in accomplishing this goal. A curvilinear relationship between the sperm numbers that were inseminated and nonreturn rate was graphically portrayed for experiments with liquid semen by Bratton et al. ( 3 ) . Later, this general relationship was discussed by Salisbury et al. (18) .
Experiments have been reported from various countries that involved skim milk, homogenized whole milk, egg yolk-Tris, egg yolk-citrate, egg yolk-TES-Tris, and various other combinations with egg yolk, all with cryoprotectant and antibiotics (1, 2, 4, 6, 7, 8, 9, 10, 11, 14, 21, 23) . Also, different packaging was used (0.50-ml ampules and 0.25-ml and 0.5-ml straws), different freezing rates were employed, and different field conditions existed. Thus, it is not possible to identify specific causes of differences among studies regarding nonreturn rates obtained. All studies referenced used nonreturn rates to esti-Journal of Dairy Science Vol. 80, No. 11, 1997 mate fertility, although other estimation procedures have been suggested (12) .
Within studies, the published results indicate that increasing total sperm numbers beyond 20 × 10 6 sperm per breeding unit did not improve fertility. Downward trends were 1.2% ( 4 ) when sperm numbers were decreased from 36 × 10 6 to 18 × 10 6 and 2.5% ( 9 ) when sperm numbers were decreased from 35 × 10 6 to 12 × 10 6 , but differences were not significant ( P > 0.05). Schenk et al. ( 2 0 ) reported that using 11 × 10 6 total sperm per AI resulted in a 4% lower nonreturn rate ( P < 0.05) than was achieved using 15 to 22 × 10 6 total sperm. Recently, Kommisrud et al. ( 1 1 ) reported that fertility did not differ when 18 × 10 6 and 12 × 10 6 total sperm were used, but 15 × 10 6 total sperm gave a lower nonreturn percentage of 1.2% ( P < 0.05). This apparent inconsistency is a reflection of the random variation that is associated with the binomial nature of pregnancy. Gérard and Humblot ( 7 ) found a difference of 3.5% in nonreturn rate ( P < 0.05) when the total number of sperm per straw was reduced from 16 × 10 6 to 8 × 10 6 . Pace et al. ( 1 4 ) reported nonreturn rates of 69.0, 67.3, 67.1, and 64.1% ( P < 0.05) when total sperm per breeding unit was 18.2, 14.8, 9.1, and 4.7 × 10 6 . The postthaw motile sperm in the various studies ranged from about 35% to nearly 60%.
Several reports indicate that low sperm numbers become more of a concern when fertility of bulls is low (11, 22, 23) or when semen is used by less effective inseminators (10, 14) . However, in some of those studies, bulls were retrospectively assigned to fertility groups based on the experimental results. Comparisons in those studies are biased because of incomplete repeatability, and independent sets of fertility data should be used to rank bulls.
In our studies, we made a special effort to check that planned sperm numbers were achieved. The actual value in Experiment 2 for the percentage of nonreturns was nonsignificantly higher ( P > 0.05) in the treatment with 16 × 10 6 total sperm than in the treatment with 20 × 10 6 total sperm; this random difference was opposite the result obtained by Kommisrud et al. (11) . There was a nonsignificant ( P > 0.05) difference of 2.6% between 16 × 10 6 and 10 × 10 6 total sperm in Experiment 3. However, the nonreturn rate difference between use of 20 × 10 6 and 10 × 10 6 sperm was only 1%. This small decline was not due to any particular bull because there was no interaction between bull and treatment.
Statistical significance was approached for fertility differences between 16 and 12 × 10 6 sperm in Experiment 2 and 16 and 10 × 10 6 sperm in Experiment 3. Thus, these data tend to support the common practice of AI organizations to process most frozen semen to ensure more than 10 × 10 6 total sperm per breeding unit or straw. At the same time, the processing of breeding units from genetically superior, high fertility sires, with no more than 10 × 10 6 total sperm, could have beneficial genetic effects without reducing fertility when these sperm replace sperm from bulls of lower fertility and lower genetic merit.
These studies collectively demonstrate that, under good conditions of collecting, processing, and inseminating semen, high fertility is maintained with 10 × 10 6 total sperm (about 5 × 10 6 motile sperm) per breeding unit. Additional sperm are unlikely to improve fertility appreciably. However, under conditions in which fertility tends to be low, such as with inexperienced inseminators, fertility would not be expected to be as high as was obtained in the experiments reported here.
